A B S T R A C T The purpose of these experiments was to determine whether alterations in preproinsulin messenger (m)RNA activity could account for changes in insulin biosynthesis during fasting and refeeding. Rats were fasted 4 d and then fed for 6, 8, 24, or 48 h. With fasting, body weight decreased 25%, plasma glucose decreased from 6.1 to 2.2 mM, and pancreatic insulin content fell to 40% that of fed animals. Islet RNA decreased to 50% and protein to 55% that of control animals, while islet DNA content remained unchanged. After 6 h of refeeding, islet RNA content increased and was not significantly different from controls.
INTRODUCTION
The steps involved in synthesis of the polypeptide hormone insulin have been studied extensively (1, 2) . Synthesis of preproinsulin on membrane bound polysomes is followed rapidly by cleavage of the "pre" portion (2-4), then proinsulin is cleaved to insulin within the cistemae of the rough endoplasmic reticulum (5) . Recombinant DNA techniques have recently provided much infonnation about the structure of insulin mRNA and the insulin gene (6, 7) . In spite of this extensive knowledge of the structure of the messenger (m)RNA and sequential biosynthetic steps, very little is known about regulation of expression of the insulin gene. When mammalian islets are incubated in vitro, glucose is a potent stimulator of insulin biosynthesis (8, 9) . Previous studies had shown that the number of ribosomes active in protein synthesis increased two-to fourfold when glucose in the incubation media was raised from 2 to 20 mM. This was the result of an increase in the rate ofinitiation (10) . Indirect evidence from experiments using RNA and protein synthesis inhibitors suggested that the specific stimulation of insulin biosynthesis by glucose also involved the increased synthesis of insulin mRNA (10, 11) .
Nutritional changes alter the rate of insulin biosynthesis as well as secretion in experimental animals. Tjioe and Bouman (12) and Bone and Howell (13) found that islets from fasted rats had an impaired insulin biosynthetic response to glucose when measured in vitro. These data suggested that the decrease in pancreatic insulin content seen with starvation (14, 15) was produced by decreased rates of synthesis. To determine whether changes in insulin biosynthesis are modulated at the level of mRNA, we have compared rat islet DNA, RNA, and protein content with islet mRNA translatable in a cell-free system. There was a marked reduction of insulin content on starvation, which was preceded by a reduction of islet RNA. Translational activity of total islet and preproinsulin mRNA was reduced by starvation and increased to greater than that of fed controls on refeeding. Preproinsulin mRNA levels, measured by RNA complementary (c)DNA hybridization, paralleled changes in mRNA activity.
METHODS
Animals. All experiments were carried out on SpragueDawley rats weighing 200 g (Eldridge Laboratory Animals, St. Louis, Mo.). These animals were fed Purina Rat Chow (Ralston Purina Co., St. Louis, Mo.) ad lib. until the time of experiments.
Preparation of rat pancreatic islets. Islets of Langerhans were prepared as described by Lacy and Kostianovsky (16) with the following modifications: Hanks' buffer was made 25 mM with HEPES at pH 7.4. Pancreatic digests were filtered through nylon mesh (Nitex, 80 mesh) after washing and centrifuged through discontinuous Ficoll (Sigma Chemical Co., St. Louis, Mo.) gradients according to the method of Scharp et al. (17) . Islets were then collected from the interfaces in the Ficoll-Hanks'-HEPES gradients, washed twice with Hanks'-HEPES buffer, and gently pelleted by centrifugation at 200 g for 1 min at 20°C. All 10 ,uCi, -1,000 Ci/mmol sp act (Amersham/Searle Corp., Arlington Heights, Ill.), potassium acetate (80 mM), magnesium acetate (2.5 mM), ATP (1 mM), guanosine triphosphate (GTP) (0.4 mM), creatine phosphate (8 mM), creatine kinase (8 ,ug/ml, 155 U/mg), 4,2-hydroxyethyl-1-piperazine-ethane sulfonic acid (25 mM, pH 6.0), spermidine (20 ,uM) , dithiothreitol (2 mM), benzaimiidine (1 mM), and 5 Al of S-30.
Incubations were performed at 31°C for 90 mim. Total protein synthesis was determined on 5 Al aliquots by the method of Manns and Novelli (20) . 10 Al aliquots of translationi mix dissolved in 10% SDS 2-mercaptoethanol 0.5 XI Tris, pH 6.8, and 15% glycerol were analyzed on 15% acrylamide slab gels with the discontinuous buffer system of Laemiimli as described (21) . Autoradiographs were performed on the dried gels and the relative amounts of radiolabeled material in each band was determined by densitometric analysis in a Gilford spectrophotometer (Gilford Instrument Laboratories, Oberlin, Ohio). Molecular weight markers used (Sigma Chemiiical Co.) were cytochrome c (12,300 mol wt), mivoglobin (17,400 mol wt), chymotrypsinogen (25,600 mol wt), ovalbumin (43,000 mol wt), and B-chain of insulin (3,500 mol wt). Bovine proinsulin (9,000 mol wt) was obtained from Dr. Ronald Chance (Eli Lilly and Company, Indianapolis, Ind.).
Hybridization arrest of cell-free trantslatiotn. Hybridarrested translation was performed as described by Paterson et al. (22) . The plasmid pcRI354 containinig a nearly hill-length cloned copy of rat preproinsulin I cDNA was used. This probe has been demonstrated to bind to rat insulin II as well as insulin I DNA (23) . The plasmid was linearized with EcoRI endonuclease, extracted with phenol and precipitated with 2 vol 95% ethanol and dissolved in sterile wvater. After heat denaturation of the double stranded probe at 100°C, 10 min, followed by quick cooling, varying concentrations of the plasmid were incubated for 4 h at linearly decreasing temperatures from 55 to 45°C with 5 ,tg of rat RNA in 80% formaldehyde (vol/vol), sodium chloride (0.4 MI), and 4-piperazine diethane sulfonic acid (10 mM, pH 6.4) in 25 Al. Each sample was diluted with 200 ,lI of sterile water containing 25 ,ug of phenol-extracted wheat germ transfer RNA (Sigma Chemical Co.). Each aliquot was divided equally. One-half was heated to 100°C for 1 min, both aliquots were ethanol precipitated, and then dissolved in 10 ,ul of sterile water and translated in the wheat germ translation system. RNA, DNA, and protein determinations of isolated islets. Aliquots of -50 islets counted under a dissecting microscope were pipetted into 500 ,lI microfuge tubes and lyophilized.
Samples were then dissolved in 5 ,l of cold 0.2 N perchloric acid, precipitates were centrifuged at 12,000 g, 5 RNA was determined from the absorbance at 260 nm of the supernatant and washings. Dried pellets were then reacted with diaminobenzoic acid and DNA concentrations determined fluorometrically as described (24) . The 2-pl samples for protein determinations were precipitated and dissolved in solutions containing fluorescein and protein concentrations determined fluorometrically as described (25) .
Pancreatic insulin and DNA determiniations. Sections of pancreas were frozen at -70°C and stored. Thev were then extracted with acid alcohol and insulin was (letermined on the acid alcohol extract by standard radioimmnitunoassay. Acid alcohol-insoluble material was precipitated with 0.4 N perchloric acid and DNA concenitrations determined with diphenylamine as described (26) .
Serum glucose determinations. Samples of rat blood obtained by intracardiac ptuncture were allowed to coagulate, serum was collected and stored at -70°C. Glucose was determined by standard photofluorometric assay (27) .
Hybridization analysis. 200-g rats were either fed or starved for 4 d. Total pancreas was excised, weighed, and Preproinsulin niRNAhomogenized at highest speed with a polytron in 10 ml of 4 M guanidiniumil thiocyanate containiing 25 mnM sodium citrate, pH 7, 0.1 M 2-mercaptoethaniol, 0.33% Sigma anti-foam A. Samples were then precipitated by adding 1/40 vol of 1 M acetic acid anid 3/4 vol of 95% ethanol, chilled at -20°C overnight. The material was pelleted by centrifugation at 6,000 g for 10 mill at -20°C. Only material that formed a firm pellet was kept and the rest of the material was aspirated. The pellets were redissolved in 8 M guanidiniumii hydrochloride made to pH 7 with 25 mM sodiumn citrate and 0.1 M in 2-mercaptoethanol. Samiiples were precipitated again by adding 1/40 vol 1 M acetic acid and 1/2 vol of 95% ethanol. Reprecipitation in 8 M guanidinium hydrochloride was performed a total of four times. The samples were then dissolved in -2 ml H20 and precipitated with 0.1 vol 2 M sodium potassiumil acetate, pH 5, and 2 vol 95% ethanol at -20°C overnight. RNA concentrationis were determined by absorbance at 260 nM. In additioni, the amount of RNA, DNA, and proteini in each total pancreas was determinied from a 100-,ul aliquot of the original guanidine thiocyanate pancreatic homogenate. Total pancreatic RNA from each rat was glyoxalated according to the procedure of' McMaster and Carmichael (28) . Samples were electrophoresed on 2% agarose gels (treated with 0.1% diethyl pyrocarbonate bef'ore they were poured). Gels were 0.3 cm thick and 12 x 14 cim. All samples were run at 40 V at room temperature f'or -4 h. Molecular weight markers on gels included 28 and 18S ribosomal RNA, plasmid pCRI354 and the 354 base insulin cDNA sequence from the plasmid. RNA run on gels was then transf'erred to diazophenylthio (DPT)' paper in the following mannier: RNA in gels was partially hydrolysed by incubating the gel in 50 mM sodium acetate for -0.5 h at room temperature. The gel was then washed twice for 15 min periods each in 200 mM sodium acetate at pH 4. RNA was then transferred from the gel using 200 mM sodium acetate as described by Wahl et al. (29) to DPT paper using 200 mM sodium acetate, pH 4, as the transfer buffer. The RNA bound to DPT paper was then prehybridized by placing the paper in a heat-sealed plastic bag with buffer containing 50% vol/vol formamide, 0.8% sodium chloride, 50 mM potassium phosphate, pH 6.5, 0.02% polyviniylpyrrolidone, 0.02%Fico'll, 0.02% bovine serumii albumiin, 250 'Abbreviation used in this paper: DPT, diazophenylthio.
,ug salmon sperm DNA, 0.1% SDS, and 1% glycine. Air bubbles were extruded f'rom the bag and the bag was sealed with heat and incubated at 42°C for -24 h. Hybridization was performed with the excised insert f'rom the rat preproinsulin I cDNA plasmid pCRI354 which was labeled by nick translation (30) to -3 x 108 cpml,Lg sp act. Hybridization buffer was identical to prehlybridization buffer with the following exceptions. Glycinie was omitted f'rom the hybridization buffer which was made 20% with dextran sulfate T 500,000 mol wt. 32P-cDNA in 10 ml hybridization buffer was placed in the bag, the bag was sealed and incubated at 42°C f'or 24 h. Paper was then washed twice for 15 min each in 360 mM sodiumii chloride, 20 mM Na2PO4, pH 7, 2 mM EDTA, and 0.1% SDS at room temperature. Two 30-min washles containinig 18 mi\M sodium ichloride, 1 imM sodium plhosphlate, pH 7, 0.1% SDS, and 0.1 mM EDTA were perf'ormed at 58°C. The paper was then air dried anid autoradiographs were perf'ormed. After autoradiograplhs were p)erf'ormed, the hybridized bands were ctut fromii DPT paper anid counted. Background was estimated from several equcal sized pieces of DPT paper cut from elsewhere oni the hybridized paper.
RESULTS
Effects offasting antd refeeding otn islet DNA, RNA, and protein content. Rats were fasted for 4 d and then refed for 24 or 48 h. Changes in body weight, plasma glucose, and pancreatic insulin content are shown in Table I . Body weight decreased 25% on fasting, and increased rapidly on refeeding. A great portion of these rapid changes in weight can be attributed to stomach and intestinal contents (31) . Glucose fell from 6.1 to 2.2 mM, a concentration that has been shown to allow very low levels of insulin biosynthesis in islets incubated in vitro (9) . Refeeding restored plasma glucose levels to normal within 48 h. Pancreatic insulin content fell to 40% that of fed animals after 4 d of fasting as previously noted (14, 15) .
The effects of fasting and refeeding on DNA, RNA, and protein content of isolated rat islets is seen in Assay of islet and preproinsulin mRNA activity. A wheat germ mRNA-dependent cell-free protein synthesizing system was used as an assay to determine whether altered rates of insulin biosynthesis observed during fasting were reflected in changes of functional insulin mRNA. Since others have noted modulation of different proteins by alterations of conditions of cellfree synthesis, preliminary experiments were performed to determine whether this data reflected insulin mRNA concentration.
Protein synthesis, measured by [35S]methionine incorporation, was linearly dependent upon added islet RNA at concentrations up to 3 ,ug (Fig. 1) . Preproinsulin 50r 40 . synthesis was quantitated by densitometric tracings of radioautographs obtained from SDS-polyacrylamide gel electrophoresis of labeled products (see below). Preproinsulin synthesis was also directly proportional to added RNA. To determine whether there was a selective effect of alteration of salt concentration on synthesis of preproinsulin, relative to other islet proteins, K+ and Mg" concentrations were evaluated (Fig. 2) . Incorporation into total protein and preproinsulin was optimal at 80 mM K+, and decreased proportionately with increasing K+. Similarly translation of total islet protein and preproinsulin was optimal at the same Mg++ concentration (2.5 mM).
Translation products were characterized by SDSpolyacrylamide gel electrophoresis and autoradiography of [35S]methionine-labeled proteins (Fig. 3) . The prominent protein band (11,500 mol wt) migrating between cytochrome c and proinsulin standards had been identified as rat preproinsulins I and II, the major products and cell-free translation of rat islet mRNA (32, 33) . They have been isolated and found by microsequencing to contain 24 extra amino acids on the amino terminus of proinsulin. This has been confirmed by sequencing of the cloned cDNA to rat preproinsulin I and II mRNA (34, 35) . Preproinsulins I and II mRNA together comprised about 20% of the total islet messenger activity estimated by densitometric tracings of the radioautographs. Proteins up to 65,000 mol wt were also translated indicating successful isolation of larger islet mRNA than previously reported (32, 33) .
Because we wanted to measure preproinsulin mRNA activity, further characterization of the cell-free translation products was obtained with the hybrid-arrested translation method of Paterson et al. (22) . Rat islet RNA was hybridized with the cloned plasmid pcRI354 containing an almost full-length copy of rat preproinsulin I cDNA. This cDNA binds to both rat insulin I and II genes (23) and should inhibit translation of both mRNA since the homology is >90%. After hybridization, the samples were divided; one-half was heat de- (Fig. 4) . Since hybridization was for 4 h, there was some decrease in the quality of the translation products. Densitometric tracings of the gel, however, showed that 1 ,ug of plasmid specifically inhibited translation of the 11,500 mol wt band relative to other islet proteins. These data demonstrated that translational analysis of total islet RNA was a reasonable way of defining levels of total islet and preproinsulin mRNA activity.
Effects offasting and refeeding on islet mRNA activity. After 18 h of fasting there was a significant reDye -' FIGURE 3 Radioautographs of [35S]methionine-labeled translation products directed by rat islet RNA. Aliquots (10 ,lI) of the translation mixtures were electrophoresed on 15% SDS-polyacrylamide gels, fixed, and the gels stained, dried, and exposed to x-ray film for 4 d as described in Methods. Ova, ovalbumin (45,000 mol wt); Chymo, chymotrypsinogen (37,000 mol wt); Myo, myoglobin (17,500 mol wt); CYTO, cytochrome c (12,000 mol wt); PI, bovine proinsulin (9,000 mol wt). Lane 1, plus islet mRNA (2 Fig. 6 . Pancreatic RNA from fed rats (lanes 1 and 2) contained more preproinsulin mRNA than RNA obtained from starved rats (lanes 3 and 4). These data also confirm that rat preproinsulin mRNA is -525 bases in length, 300 bases are required to code for preproinsulin. The autoradiograph also shows that there is no change in the size of preproinsulin mRNA on fasting. After a radioautograph ofthe gel was obtained, the filters were counted. 32P-preproinsulin cDNA hybridized to RNA from three fed animals was 584+92 cpm (mean±range of three determina- (31) . Liver RNA cone gels, transferred to DPT tent varied very rapidly with changes in the nutritional sulin cDNA, and a radioauto-state of experimental animals (37) . liver; these changes were rapidly reversed by refeeding (38) . This report is also the first to show a chanige in islet mRNA under anv experimental coindition. Reduced insulin biosynthesis observed during starvation correlated witlh the reduiction in preproinsulin mRNA activity. Others have noted that changes in the amount of translatable mRNA parallel changes in protein synthesis, e.g., albumini sytnthesis in diabetic rats, or rats fed a protein deficient diet. Similar correlations between protein synthesis and mRNA content have also been noted for ovalbumin and conialbumin (39) , vitellogenin (40) , mouse milk protein (41) , and trainsferrin (42) .
The physiologic processes by whichl starvation diminishes insulin biosynthesis and insulin mRNA activity are unknown. Althotugh glucose has demiionstrated effects on rates of insulin biosynthesis, other factors may exert modulating effects. For instance, serum T3 levels decrease within 36 to 48 h of fasting (43) and T3 has been shown to affect rates of synthesis of proteins and the levels of their mRNA in target tissuies for the hormone (44) . Glucocorticoids are elevated during periods of stress or starvation, and they have multiple catabolic effects in many tissutes including decreasing rates of protein synthesis, nucleotide and glucose metabolism (45) . Other hormones and substrates (e.g., amino acids) as well as serum gluicose may affect rates of insulin biosynthesis during fasting aind refeeding.
While these studies determine that starvation and refeeding alter pancreatic islet content of preproinsulin mRNA, they do not demonstrate the mechanism by which this event occurs. Alterations of rates of transcription, nuclear processing of mRNA precursors, or increased rates of degradation are all possible sites of regulatioin. Further studies are required to delineate these mechanisms.
